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NO  OTS 


ABSTRACT 


\ 

The  cathodic  polarization  behavior  of  NiSi,  NiAs,  NiSb,  NiTe^,  and 
NiS  at  room  tempe  rature^Hfts^I'igcn  determined  in  1  M  perchlorate  solutions 
at  pH  0.  04  and  pH  10.  8  up  to  - 1.  0  volts  vs.  R.  H.  E.  Measurements  were 
also  made  on  Ni,  Si,  Sb,  Te,  and  on  Ni  electrodes  exposed  to  As^dg  and 
H2S.  Sb,  Te,  Si  and  Ni/As^Og  exhibit  kinetic  peculiarities  which  are 
probably  attributable  to  hydride  formation,  but  these  features  are  not  gen¬ 
erally  shown  by  the  corresponding  nickel  compounds.  With  the  exception 
of  Si  in  acid  solution,  all  of  the  electrodes  show  an  extended  Tafel  line 
indicating  the  hydrogen  evolution  reaction, with  the  following *pm amataw — - 
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v  For  NiAs,  NiTe2«  and  NiSi,  there  exist  regions  where  the  current 
densities  at  a  given  overpotential  exceed  those  on  either  of  the  individual 
elements.  The  results  are  discussed  with  a  view  to  distinguishing  the  role 
of  atomic  and  crystal  factors  in  the  electrocatalytic  activity  of  the  electrode 
materials.  The  intrinsic  chemical  properties  of  the  surface  atoms  appear 
to  dominate  the  mechanism  of  the  h.  e.  r. ,  while  the  crystalline  properties 
strongly  influence  the  rates. 


I.  INTRODUCTION 


Two  general  approximations  are  useful,  in  interpreting  the  chemical 

activity  of  crystalline  surfaces.  The  first,  which  may  be  designated  the 

"atomic  approach",  cites  the  intrinsic  reactivity  of  the  individual  surface 

atoms,  and  treats  the  crystal  environment  as  a  perturbation.  This  approach 

has  been  effective,  for  instance,  in  treating  the  chemisorption  of  oxygen  on 

metalloid  surfaces^,  the  dissolution  reactions  of  compound  semiconduc- 
(2) 

tors'  and  the  excess  reactivity  of  line  dislocations'  .  The  alternative 
approach  concentrates  on  the  structural  and  electronic  properties  of  the 
crystal  as  a  whole,  and  attaches  but  secondary  significance  to  the  specific 
atomic  composition,  Advocates  of  this  "crystal  approach"  point,  for 
example,  to  chemisorption  and  catalysis  on  transition  metal  alloys^  and 
on  semiconducting  oxides^. 

In  electrochemical  surface  reactions  evidence  can  be  found  to  sup¬ 
port  both  views.  Thus,  the  rates  of  redox  reactions  such  as  the  ferrous/ 
ferric  ion  reaction  at  mercury  and  platinum  surfacei^re  determined  by  the 
electronic  properties  of  the  electrode  as  a  whole.  On  the  other  hand,  the 
passivation  of  titanium  by  trace  additions  of  platinum'  ’  seems  to  imply  that 
hydrogen  discharge  is  an  intrinsic  property  of  the  platinum  atoms  them¬ 
selves.  A  particularly  interesting  case  is  the  anodic  dissolution  of  ger¬ 
manium.  At  low  current  densities,  the  course  of  reaction  is  strongly  con¬ 
ditioned  by  the  chemical  properties  of  the  surface  atoms,  while  at  high 
current  densities,  the  rate  is  limited  by  what  is  unambiguously  a  crystal 
property,  viz. ,  the  diffusion  of  electron  holes  to  the  reacting  interface^. 

The  distinction  between  the  atomic  and  crystal  factors  is  of  heuristic 
value  in  studies  of  surface  reactivity.  Either  approximation  provides  a 
point  of  departure  for  elaborating  the  details  of  mechanism,  and,  at  the 
same  time,  comprises  an  immediately  useful  guideline  for  optimizing  the 
properties  of  new  technical  materials. 

The  objective  of  the  present  series  of  studies  is  to  clarify  the  in¬ 
fluence  of  crystal  environment  upon  the  electrochemical,  and  particularly 
the  electrocatalytic,  properties  of  a  transition  metal  atom.  We  have 
chosen  to  examine  several  compound  of  nickel  with  elements  from  Groups 
IVB,  VB,  and  VIB  of  the  Periodic  Table.  The  use  of  such  compounds  was 
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favored  for  two  reasons:  the  clear  chemical  differences  between  the  com¬ 
ponent  elements,  and  the  highly  ordered  atomic  coordination. 

Each  of  the  compounds  is  a  semi-metal  whose  cohesive  energy  is 
concentrated  in  large  part  among  directed  covalent  bonds  between  nickel 
and  its  companion  element.  Direct  cation-cation  valencies  are  also  pre¬ 
sent,  however,  and  are  evidenced  by  the  various  crystal  structures^  . 

For  example,  NiAs  and  NiSb  both  take  on  the  118^  structure  in  which  the 
nickel  sublattice  exhibits  simple  hexagonal  symmetry,  while  the  interpene¬ 
trating  As  or  Sb  sublattice  exhibits  close-packed  hexagonal  packing.  If 
direct  interactions  between  the  nickel  atoms  were  absent,  the  c/a  ratio  of 
the  crystals  would  equal  1.  33  in  consequence  of  the  anion  sublattice.  Ac¬ 
tually,  c/a  =  1. 390  for  NiAs  and  1.  308  for  NiSb,  the  distortion  being 
attributable  to  direct  cation-cation  interaction  in  the  e-direction^®^ 

In  the  present  paper,  we  describe  the  cathodic  polarization  charac¬ 
teristics  of  NiSi,  NiAs,  NiSb,  NiS,  and  NiTe2  electrodes  and  compare  the 
results  with  those  obtained  on  their  constituent  elements.  The  elements 
have  been  studied  in  the  form  of  bulk  crystals  (Ni,  Sb,  Si,  and  Te)  or  as 
adsorbed  films  on  nickel  (As).  Special  emphasis  is  placed  upon  electro¬ 
catalysis  of  the  hydrogen  evolution  reaction  (h.  e.  r. ). 

II.  EXPERIMENTAL  PROCEDURES 

The  compounds  were  prepared  from  spectroscopically  pure  ele¬ 
ments  by  direct  fusion  of  stoichiometric  mixtures  in  evacuated  quartz 
capsules,  directional  freezing  from  the  melt,  and  annealing  just  below  the 
melting  points.  The  melting  points  and  relevant  phase  diagrams  are  given 
by  Hansen^ \  The  ingots  were  all  obtained  as  single  phase  material; 
the  NiAs,  NiSb,  and  the  NiTe2  consisted  of  several  large  crystal  grains, 
while  the  NiS  and  NiSi  were  dense  but  microcrystalline.  The  elemental 
Ni,  Sb,  Si  and  Te  samples  all  consisted  of  single  crystal  sections.  The 
silicon  sample  was  semiconductor  grade  material  doped  with  1  p.  p.  m.  of 
phosphorus,  which  imparts  an  electrical  conductivity  of  1  (jO--cm)  *. 

Cylindrical  specimens  were  cut  from  each  sample  and  mounted 

in  a  close-fitting Fyrex  holder  with  Kel-F  wax'  \  Flat  surfaces  with 

2  ,  ■ 

a  geometric  area  of  0.  75  cm  were  exposed  by  grinding,  followed  by 
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mechanical  polishing,  and,  where  possible,  by  chemical  or  electrolytic 
polishing.  The  samples  were  then  washed  ultrasonically,  treated  with 
chromic  acid/sulfuric  acid  cleaning  solution,  thoroughly  rinsed  with  triply 
distilled  water,  and  transferred  directly  to  the  test  cell. 

An  all-Pyrex  three -compartment  cell  was  employed  in  which  the 
working  electrode  was  separated  from  a  platinum  counter  electrode  by  a 
glass  frit.  The  solutions  employed  were  1 M  perchloric  acid  (pH  =  0. 04) 
and  1M  sodium  perchlorate  adjusted  to  pH  =  10.  8.  Potentials  were 
measured  against  a  reversible  hydrogen  electrode  in  the  same  solution. 
Potentiostatic  and,  occasionally,  galvanostatic  methods  were  used  to  obtain 
steady- state  polarization  data.  The  solutions  were  stirred  by  a  stream  of 
hydrogen  or  nitrogen  which  was  purified  by  passage  through  a  liquid  nitrogen 
trap. 

The  electrode  under  study  was  transferred  to  the  test  solution  and 
was  immediately  polarized  stepwise  to  potentials  negative  to  the  reference 
hydrogen  electrode  in  the  same  solution.  When  the  cathodic  current  ex- 

9 

ceeded  0.  3  A/cm  or  the  potential  exceeded  -1.  0  V,  the  path  was  retraced 
to  the  rest  potential  (in  galvanostatic  measurements),  or  until  the  direction 
of  the  current  was  reversed  by  the  onset  of  anodic  dissolution  (in  poten¬ 
tiostatic  measurements). 

III.  RESULTS 

The  results  are  summarized  in  Figs,  1-6  as  plots  of  potential  vs. 
logarithm  of  the  current  density.  All  potentials  are  referred  to  the  standard 
hydrogen  electrode;  the  current  densities  (C.  D. )  are  in  amperes  per  unit 
geometric  area  of  the  electrode  surface.  In  each  Figure,  the  results  for 
elemental  nickel  are  given  for  ready  comparison.  The  dispersion  in  the 
nickel  data,  shown  in  detail  in  Fig.  1,  covers  the  results  for  about  ten  in¬ 
dependent  experiments  in  which  the  effects  of  remounting  the  electrode, 
of  mechanical  vs.  electrochemical  polishing,  of  extended  preelectrolysis, 
and  of  recycling  were  observed.  The  degree  of  reproducibility  and  the 
absolute  values  of  the  data  on  nickel  compare  favorably  with  other  work^\ 
Included  in  the  bands  of  data  are  slight  hysteresis  effects,  i.  e, ,  higher 
overpotentials  in  the  direction  of  decreasing  current  than  in  the  opposite 
direction. 
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Virtually  all  of  the  results  show  a  positive  deviation  from  the  Tafel 
line  at  C,  D.  *s  exceeding  10  A/cm  .  Since  the  deviation  depends  upon 
current  rather  than  potential,  it  is  unlikely  to  result  from  a  fundamental 
effect,  such  as  increasing  surface  coverage  by  hydrogen  atoms.  It  is  more 
probably  an  artifact  due  to  partial  blocking  of  the  surface  by  hydrogen 
bubbles  generated  by  the  h.  e.  r. 

NiSi  and  Si 

Fig.  2  summarizes  the  results  for  Ni,  Si,  and  NiSi,  in  both  acid  and 

alkaline  solutions.  Elemental  silicon  shows  a  complex  hehavior,  probably 

attributable  to  the  effects  of  SiC^  which  is  stable  throughout  the  potential 

range  under  study.  (SiC^  +  4  H"1"  +  4e  =  Si  +  2H2O;  Eq  =  -0.  86  V)* 

In  the  direction  of  increasing  overpotential  the  polarization  curve  shows  a 

9 

sharp  upswing  at  currents  exceeding  ^  0,5  mA/cm  .  In  this  region,  the 

variation  of  current  at  constant  potential  showed  a  curious  time  dependence. 

2  2 

The  current  decreased,  e.  g.  ,  from  1.  2  mA/cm  to  0.  4  mA/cm  at  0.  5  V, 
then  jumped  back  to  the  original  value  from  whence  it  repeated  the  decay 
with  a  frequency  of  about  1  cycle/2  min.  The  apparent  decrease  in  the 
cathodic  current  may  result  from  an  increase  in  oxide  thickness  by  the  slow 
anodic  oxidation  which  occurs  even  at  negative  potentials.  Under  the  con¬ 
ditions  of  the  experiment  the  surface  appears  unchanged;  the  absence  of 

1000  A,  The  rapid 

jump  to  higher  cathodic  currents  implies  mechanical  breakdown  of  the 
oxide  when  the  thickness  exceeds  a  critical  value.  The  total  anodic  current 
must  be  smaller  tnan  that  corresponding  to  the  predominant  cathodic  re¬ 
action,  which  is  doubtlessly  hydrogen  evolution.  Further  evidence  for  anodic 
film  formation  comes  in  the  return  to  lower  potentials  after  a  prolonged 
period  at  -700  mV.  During  the  return  there  is  no  longer  evidence  for  the 
cyclic  growth  and  breakdown,  but  as  the  potential  is  adjusted  to  values  below 
-300  mV,  a  pronounced  anodic  transient  is  observed  before  the  cathodic  cur¬ 
rent  takes  over. 


*  The  Stock tolm  Sign  Convention  is  followed. 
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In  the  direction  of  decreasing  overpotential  the  current  decreases 
linearly  with  potential.  The  apparent  ohmic  resistance  is  1200-fL-cirr; 
assuming  an  average  film  thickness  of  100  %  in  this  potential  region,  one 
obtains  a  resistivity  0  109-&  -cm,  which  is  not  unreasonable  for  Si02< 

It  is  probable,  therefore,  that  the  characteristics  of  the  cathodic  polariza¬ 
tion  curve  on  Si  in  acid  solutions  are  determined  primarily  by  the  oxide 
film.  A  similar  conclusion  was  reached  by  TUrner^^. 

The  results  on  Si  in  alkaline  solution  bear  a  superficial  resemblance 
to  those  in  acid  solution.  One  important  distinction  is  the  direct  dependence 
of  the  current  upon  stirring  in  the  region  of  sharply  rising  overpotential. 

This  implies  that  the  rate  is  limited  by  a  diffusion  process  in  the  region  of 
the  electrode -electrolyte  interface.  We  tentatively  suggest  that  the  current 
in  this  region  is  not  due  to  h.  e.  r. ,  but  to  the  direct  reduction  of  Si  to  SiH^, 

(Si  +  4H20  +  4  e  =  SiH4  +  4  OH';  EQ  (pH  10.  8)  =  0.  541  V)(l6).  This  reaction 
would  be  followed  by  the  formation  of  silicate  ion,  (2  OH  +  SiH^  +  H20  = 

=  4  H2  +  SiO~)  which  is  thermodynamically  stable  throughout  the  potential 
range.  The  unusual  -  but  entirely  reasonable  -  feature  of  the  proposed  re¬ 
action  is  that  the  reduction  of  Si  to  SiH^  promotes  the  formation  of  SiOg.  The 
diffusion  of  SiH^  or  SiOg  from  the  electrode  may  then  be  responsible  for  the 
observed  enhancement  of  the  rate  by  stirring.  At  sufficiently  high  potentials 
Tafel  behavior  is  observed  with  iQ  =  10 ’^A/cm^  and  b  =  180  mV*. 

NiSi  in  both  acid  and  alkaline  solutions  exhibit  none  of  the  peculiarities 
associated  with  elemental  silicon.  The  polarization  is  characteristic  of  the 
h.  e.  r.  The  Tafel  parameters  in  acid  are  b  =  113  mV  and  iQ  =  4  x  10  ^A/cm^, 
which  are  amilar  to  those  on  nicke1  itself.  The  data  at  pH  10.  8  exhibit  hys¬ 
teresis,  with  the  overpotential  in  the  direction  of  decreasing  current  exceeding 
that  in  the  reverse  direction.  The  exchange  current  is  r*  10  ^  A/cm  ,  i.  e. , 
about  the  same  as  on  Ni,  but  the  Tafel  slope  is  nj  160  mV. 


•Further  evidence  for  the  proposed  scheme  is  the  well-known  corrosion  of  Si 
in  alkaline  solution.  According  to  the  present  data  the  hydrogen  overpotential 
on  Si  in  alkaline  solutions  is  such  that  corrosion  currents  exceeding  10"4A/cmz 
could  not  be  supported  by  the  h.  e.  r.  It  appears,  therefore,  that  the  cathodic 
component  of  the  normal  corrosion  reaction  may  be  the  reduction  of  Si  to  SiH4« 
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NiAs  and  As 


In  acid  solutions  NiAs  exhibits  Tafel  behavior  in  the  range  2  x  10  - 
2  x  10  ®  A/cm^  with  b  =  56  mV,  and  iQ  =  5  x  10"®  A/cm^.  The  polariza¬ 
tion  curve  thus  crosses  that  of  Ni  (Fig.  3). 

The  high  resistivity  of  elemental  arsenic  prohibits  the  direct  measure¬ 
ment  of  hydrogen  overpotential  on  the  arsenic  electrode.  An  estimate  of  the 
Tafel  parameters  for  the  h.  e.  r.  on  arsenic  was  obtained  by  the  following 
procedure:  10  M/1  AS2O3  was  added  to  a  solution  with  a  nickel  electrode 

biased  at  -300  mV.  The  current  diminished  slowly  to  a  steady- state  value 
of  3  x  10” D  A/cm  .  Polarization  measurements  then  revealed  Tafel  behavior 
in  the  range  10  ^  to  3  x  10  ®  A/cm^  with  b  =  120  mV  and  i  =  10  ®  A/cm^, 
the  results  being  unaffected  by  stirring.  Between  2  x  10  q  and  2  x  10  0  A/cmz 
(galvanostatic  measurements  were  specially  employed)  the  potential  became 
independent  of  current.  However,  the  polarization  curve  in  this  current 
range  exhibits  an  extraordinary  dependence  on  stirring,  viz. ,  the  overpoten- 
tial  increases  with  stirring.  As  the  current  is  increased  beyond  10"  A/cm  , 
the  curves  approach  that  of  Ni,  regardless  of  stirring. 

We  offer  the  following  interpretation  of  these  results.  As20g  is  un¬ 
stable  with  respect  to  As  at  all  negative  potentials:  As2Og  (aq)  +  6  H+  +  6e  = 

=  2As  +  3  H20  ;  Eq  =  +  0.  247  V  ^  \  We  assume  accordingly  that  As  is  de¬ 
posited  upon  the  nickel  surface,  but  that  the  reaction  stops  at  monolayer 
coverage,  because  of  a  high  overpotential  for  reduction  of  As202  on  As. 

The  residual  current  is  then  due  to  the  h.  e.  r.  on  a  chemisorbed  arsenic 
monolayer.  It  is  also  possible  that  the  steady- state  current  is  due  to  the 
h.  e.  r.  on  a  small  residue  of  bare  nickel,  although  this  seems  improbable. 

As  the  potential  is  increased,  the  reduction  of  As  to  AsH-j  becomes  thermo¬ 
dynamically  feasible,  (As  +  3  H+  +  3e  =  AsH^;  EQ  =  0.  60  V)  The 

formation  of  AsHg  would  compete  with  the  h. e.  r.  exposing  bare  Ni. 

The  C.  D.  would  then  increase  toward  the  value  characteristic  of  the 
h.  e.  r.  on  Ni.  Counteracting  this  effect  will  be  the  diffusion  of  fresh 
AsOg  to  the  surface  and  the  restoration  of  the  As  film.  Stirring  will  assist 
diffusion  and  will  thus  oppose  the  tendency  to  increased  h.  e.  r.  currents. 


At  sufficiently  high  C.  D.  's,  the  formation  of  AsH^  becomes  more  rapid 
than  the  diffusion  rate  so  that  the  surface  will  remain  effectively  free  of  As, 
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regardless  of  stirring.  The  polarization  curve  will  then  approach  that  of 
the  h.  e.  r.  on  pure  nickel.  Our  suggestion  that  the  deposition  of  As  is 
limited  to  a  monolayer  is  based  on  the  observation  that  prolonged  electro¬ 
lysis  at  -300  mV  does  not  affect  the  results. 

In  alkaline  solutions  NiAs  exhibits  some  hysteresis,  but  generally 
obeys  the  Tafel  relation  with  b  =  155  mV  and  i  =  7  x  10~7  A/cm  .  In 
contrast  to  the  results  in  acid  solution,  addition  of  10"^  M/IAS2O3  has  no 
effect  on  the  h.  e.  r.  on  nickel  electrodes. 

NiSb  and  Sb 

In  acid  solutions  NiSb  exhibits  a  Tafel  behavior  with  b  =  108  mV  and 

iQ  =  2  x  10  ®  A/cm^  over  the  C.  D.  range  5  x  10  ^  to  10  ^  A/cm^.  (Fig.  4). 

At  lower  currents,  the  overpotential  is  less  than  that  extrapolated  from  the 

Tafel  line  and  is  time  dependent.  In  the  case  of  Sb  there  is  evidence  for 
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Tafel  behavior  only  at  currents  exceeding  10  A/cm  (with  b  «/l80  mV  and 
iQ  =  2  x  10  ^  A/cm^).  At  lower  currents,  there  is  a  sharp  drop  to  lower 
overpotentials;  the  currents  in  this  region  (|(^<  0.  4  V)  are  steady  and  still 
substantial,  thus  ruling  out  cathodic  depolarization  by  the  reduction  of  traces 
of  oxygen  or  by  the  reduction  of  a  residual  surface  oxide.  This  general  ef¬ 
fect  is  even  more  pronounced  in  alkaline  solution.  Here  the  break  occurs 
at  a  higher  overpotential  0.  5  V)  and  the  approach  to  a  steady- state 

current  is  very  slow.  Since  the  antimony  oxides  are  all  unstable  at  nega¬ 
tive  potentials'^,  the  results,  which  are  similar  to  those  observed  by 
(171 

others'  ',  are  explicable  only  in  terms  of  hydride  formation.  However, 
the  reported  potentials  for  the  formation  of  SbHg  are  too  negative  so  that  a 
lower  hydride,  e.  g. ,  Sb2H4>  maybe  involved. 

Tafel  behavior  with  values  of  b  250  mV  are  observed  in  alkaline 
solution  for  both  NiSb  and  Sb.  NiSb  also  shows  an  apparent  depolarization 
at  |^|  <  150  mV,  i.  e. ,  cathodic  currents  are  observed  at  potentials  positive 
to  the  reversible  hydrogen  electrode. 

NiS  and  Ni/^S 

The  results  for  these  systems  are  given  in  Fig.  5.  NiS  in  acid  solu- 

-5  -2  2 

tion  follows  the  Tafel  relationship  between  3  x  10  '  and  10  A/cm  ,  with 
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b  =  62  mV  anc!  iQ  =  7  x  10  ®.  The  polarization  curve  thus  crosses  that  of 
Ni.  The  odor  of  l-^S  was  detected  in  the  effluent  gas  stream  during  these 
runs.  The  addition  of  10  ^  M/1  Na2S  to  the  solution  had  no  effect  on  the 
polarization  curve. 

The  addition  of  10  M/1  Na2S  to  an  acid  solution  has  a  strong  and 

reproducible  tendency  to  shift  the  polarization  characteristics  of  a  nickel 
electrode  towards  that  of  NiS. 

In  alkaline  solution  the  behavior  of  NiS  closely  resembles  that  of 
Ni.  The  addition  of  Na2S  to  alkaline  solution  has  no  apparent  effect  on  Ni. 

NiTe2  and  Te 

Experiments  were  limited  to  acid  solutions,  and  are  summarized 

in  Fig.  6.  The  results  for  Te,  which  are  highly  reproducible,  show  the 

same  apparent  depolarization  as  observed  for  Sb.  Similar  results  have 

been  observed  by  Awad^^  who  tried  to  explain  them  by  postulating  the 

formation  of  an  intermediate  hydride,  1-^62* 

NiTe2  shows  some  evidence  of  a  brseak  in  the  Tafel  curve  at  the 

same  potential  where  Te  exhibits  its  transition.  The  Tafel  parameters 

- 1 1  2 

for  Te  are  b  48  mV,  and  F  10  A/cm  ,  while  those  for  NiTe0  are 

_  o  U  2 

b~/  55  mV,  and  iQ/^  10  A/cm  .  The  uncertainty  in  the  value  of  iQ  for 
NiTe2  is  considerable,  however,  and  its  polarization  curve  can  be  virtually 
superposed  on  that  of  Te  by  a  shift  in  the  abscissa. 

IV.  DISCUSSION 

Under  the  present  experimental  conditions,  the  cathodic  reaction 
on  nickel  electrodes  is  confined  to  the  hydrogen  evolution  reaction.  In  all 
other  cases,  excepting  silicon,  the  h.  e.  r.  is  also  dominant  over  extended 
potential  regions,  giving  rise  to  Tafel  behavior,  i.e. ,  i\  =  -  b  log  i/i 
where  is  the  overpotential  relative  to  the  reversible  hydrogen  electrode, 
b  is  the  Tafel  slope,  and  i  is  the  exchange  current.  The  values  of  these 
parameters,  and  their  range  of  applicability,  are  summarized  in  Table  I, 
The  cathodic  polarization  curves  on  each  of  the  elements,  except 
nickel,  exhibit  features  which  suggest  side  reactions  such  as  hydride  forma 
tion  or  oxide  reduction.  In  the  case  of  Sb,  these  features  are  partially 
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reflected  in  the  behavior  of  NiSb.  However,  NiAs,  NH^,  and  NiSi  do  not 
show  significant  side  effects,  illustrating  that  the  surface  chemical  re¬ 
actions  of  As,  Te,  and  Si  atoms  are  basically  conditioned  by  their  par¬ 
ticular  crystal  environment.  Since  the  kinetics  of  h.  e.  r.  on  the  compounds 
differ  from  those  on  Ni  itself,  it  is  unlikely  that  the  absence  of  side  re¬ 
actions  on  a  nickel  compound  can  be  attributed  simply  to  chemical  depletion 
of  the  companion  element  in  the  surface  region.  We  shall  not  dwell  on  the 
side  reactions,  however,  but  shall  limit  our  discussion  to  a  resolution  of 
the  atomic  and  crystal  contributions  to  the  h,  e.  r. 

Atomic  Approach 

In  the  simplest  atomic  approximation  it  is  assumed  that  each  of  the 
surface  atoms  reacts  independently.  The  overall  reaction  rate  at  a  speci¬ 
fied  potential  would  then  be  given  by  a  linear  combination  of  the  contribu¬ 
tions  of  the  component  atoms.  These  contributions  may  be  estimated  from 
the  behavior  of  the  elemental  electrodes,  proper  account  being  made  of  the 
relative  surface  concentrations  on  the  elements  and  the  compound. 

In  the  cases  of  NiAs,  NH^,  and  NiSi  in  acid  solution,  there  are 
potential  regions  where  the  C.  D.  ’s  on  the  compounds  are  greater  than  on 
either  of  the  component  elements.  This  immediately  rules  out  the  simple 
atomic  description  since  the  surface  concentration  of  either  component,  re¬ 
gardless  of  crystallographic  orientation,  does  not  exceed  that  of  its  elemental 
form.  The  electrodes  have  interesting  qualitative  features,  however.  The 
general  shape  of  the  Tafel  line  on  NiTe2  resembles  that  of  Te,  while  a  simi¬ 
lar  correspondence  exists  for  NiSi  and  Ni.  This  implies  that  the  mechanism 
for  these  systems  is  determined  by  only  one  of  the  components,  suggesting 
in  turn  that  the  surface  consists  predominantly  of  this  component.  The  effect 
may  originate  from  anisotropic  corrosion  leading  to  the  exposure  of  a  stable 
crystallographic  plane  in  which  only  one  component  is  present.  This  pheno¬ 
menon  is  now  well  documented  for  III- V  intermetallic  compounds  such  as 
InSb  and  GaAs,  and  leads  to  striking  d'rferences  of  chemical  reactivity  on 
opposite  (111)  crystallographic  surfaces^.  However,  both  the  stability  of 
the  Si-0  bond  and  the  hydride  formation  indicated  for  elemental  tellurium 
would  argue  against  the  requisite  configurations  on  NiSi  and  NiTe2-  In  any 
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event,  it  would  still  be  necessary  that  the  rate  of  the  h.  e.  r.  on  Ni  atoms 
in  NiSi.and  Te  atoms  in  NiTej,  be  faster  than  on  the  corresponding  elemental 
crystals.  In  these  cases,  then,  atomic  properties  may  govern  the  mecha¬ 
nism  of  the  reaction,  but  crystal  properties  apparently  govern  the  magnitude 
of  the  reaction  rate. 

Similar  considerations  may  also  apply  to  NiS.  However,  the  experi¬ 
mental  results  for  the  h.  e.  r.  on  "sulphur"  were  obtained  by  exposing  a 
nickel  electrode  to  ^S.  Since  ^S  was  also  detected  in  the  gas  stream 
coming  from  the  cell  in  which  NiS  was  under  study,  it  is  not  improbable 
that  the  latter  may  in  fact  be  equivalent  to  the  "Ni  +  ^S"  electrode.  In 
alkaline  solution,  however,  ^S  has  no  effect  on  the  polarization  behavior 
of  Ni  which  indicates  that  ^S  is  not  adsorbed  on  the  electrode.  The  NiS 
electrode  behaves  similarly  to  nickel,  although  the  h.  e.  r.  proceeds  at  a 
smaller  rate;  it  is  plausible  that  sulphur  in  the  surface  region  of  NiS  is 
removed  by  electrochemical  discharge  of  H^S  (NiS  +  2H90  =  HnS  +  20H  +  Ni; 

EQ  =  -  0.77  V). 

For  the  remaining  cases  under  study,  it  is  evident  that  the  overall 
rate  of  the  h.  e.  r.  is  not  a  specific  atomic  property,  and  that  interactions 
between  the  surface  atoms  or  between  adsorbed  hydrogen  atoms  at  neighboring 
sites  on  the  crystal  surface  play  a  prominent  role.  It  is  possible,  however, 
that  the  atomic  approach  may  still  be  valid  for  one  or  more  of  the  reaction 
steps  in  the  overall  mechanism.  In  order  to  elucidate  this  possibility  we  shall 
briefly  discuss  the  generally  acknowledged  mechanism  of  the  h.  e.  r. 

(19i 

Mechanism  of  the  Hydrogen  Evolution  Reaction v  ' 

It  is  self-evident  from  its  stoichiometry  and  its  heterogeneous  charac¬ 
ter  that  the  hydrogen  evolution  reaction  involves  one  or  more  reaction  inter¬ 
mediates  which  are  adsorbed  at  the  electrode  surface.  By  analogy  to  gas- 
phase  dissociative  chemisorption  of  hydrogen  it  has  long  been  supposed  that 
the  predominant  intermediate  is  an  adsorbed  hydrogen  atom  which  is  pro¬ 
duced  by  the  reduction  of  an  adsorbed  hydronium  ion  or  water  molecule,  i.  e. , 

I.  Discharge:  HgO+  (or  ^O)  +  e  =  (or  OH  )  (1) 

The  discharge  step  may  be  followed  by  a  bimolecular  combination  of  Ha(j^,ire. , 
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II.  Combination  desorption:  2  Ha£jg  =  H2  (2) 

or  an  electrochemical  desorption  step, 

III.  Electrochemical  desorption: 

Hads  +  H30+  (or  H20)  +  e  =  H2  +  H2°  (or  0H  )  (3) 

Other  intermediates  have  been  proposed.  In  particular,  Horiuti  has  theo¬ 
rized  that  the  adsorbed  hydrogen-molecule  ion,  H^,  may  play  an  important 
role  for  many  electrodes'2*^.  This  species  may  be  regarded  formally  as 
a  stable  intermediate  in  III. 

The  reaction  kinetics  involve  the  quantity  8,  which  is  the  fractional 
coverage  of  the  available  surface  by  hydrogen  atoms.  The  cathodic  current 
is  given  by: 


V,  =  k°  (1  -  0)  e-  «7#/RT 

(4) 

VII  =  kfl  02 

(5) 

V  =k°  0e'^//RT 

VIII  KIII  oe 

(6) 

where  the  k’s  are  specific  rate  constants,  and  o<  is  a  transfer  coef¬ 
ficient  . 

At  equilibrium,  i.e. ,  i\  =  0,  the  rates  of  I,  II,  and  III  are  given  by: 


‘o  =  k?  -  9o> 


i11  -  k°  e2 
1 o  "  kII  % 

im-k°  0 
*o  kIII  Ho 


(7) 

(8) 
(9) 


where  0o,  the  equilibrium  coverage,  is  determined  by  the  free  energy  of 
adsorption  of  H2  on  the  particular  electrode  in  the  particular  solution. 

When  i^  is  much  smaller  than  either  i^  or  i^,  the  reaction  kinetics 
are  controlled  by  slow  discharge  and  do  not  depend  upon  the  mechanism  of 
desorption.  Adsorbed  hydrogen  comes  to  equilibrium  with  the  ambient  gas 
by  Step  II,  and  0  remains  independent  of  ^  .  Eq.  (■f  )  or  (£  )  reduces  to 
the  Tafel  equation  with  b  =  2.  3  RT/c*jfc>(59/  <*)mV  at  25°C.  There  is  strong 
empirical  evidence  that  ot  generally  approximates  1/2^^  so  that  b  120  mV. 
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When  II  is  rate-controlling,  the  rate  is  given  by  Eq.  (5).  With  in¬ 
creasing  overpotential  9  increases  as 

0oe‘lf/RT  (10) 

This  result  may  be  substituted  in  Eq.  (5)  and  leads  to  a  Tafel  equation  with 
b  =  2.  303  RT/2F  =  29  mV  at  25°C.  Finally,  when  III  is  rate-limiting,  sub¬ 
stitution  of  Eq.  (10)  into  Eq.  (6)  leads  to  a  Tafel  equation  with  b  =  2. 3  RT/^ 
where  ^  is  believed  to  change  from  3/2  (b  cj  40  mV)  at  low  0  to  1/2 
(bo/  120  mV)  at  high  0(19). 

An  explicit  test  of  the  various  mechanisms  requires  an  experimental 
determination  of  9  vs.  .  This  has  been  carried  out  by  Devanathan  and 
Selvaratnam^1^  for  Ni  in  2N  NaOH  and  Makrides^^  has  shown  that  the  data, 
which  exhibit  a  change  in  0  from  0.  04  to  0.  4  as  V|  is  increased  from  40  to 
200  mV,  can  be  explained  on  the  assumption  i^  ~  i^  »  i^.  Because  of  the 
relative  values  of  b,  the  discharge  step  plays  the  prime  role  in  molding  the 
kinetics.  The  case  of  Ni  in  acid  solution  has  not  been  clarified,  but  it  is 

>io\ 

generally  believed  that  slow  discharge  controls  the  kinetics'  . 

It  is  apparent  from  the  foregoing  that  the  association  of  two  different 
atoms  in  an  intermetallic  compound  could  lead  to  a  basic  modification  in  the 
kinetics  of  a  surface  reaction,  even  though  the  reactivity  is  inherently  an 
atomic  property.  Thus,  it  is  conceivable  that  discharge  could  be  faster  on 
atoms  of  one  element,  say  A,  while  electrochemical  desorption  may  be 
faster  on  the  second  element,  B.  In  this  case,  if  discharge  on  A  were  fol¬ 
lowed  by  transfer  to  a  neighboring  B  atom,  the  overall  rate  of  the  h,  e.  r.  on 
the  compound  AB  would  be  faster  than  on  either  element  by  itself.  In  the 
event  that  desorption  proceeds  through  II,  the  effect  could  be  even  more 
pronounced  since  combination  desorption  requires  the  juxtaposition  of  two 
adsorbed  hydrogen  atoms,  a  process  which  will  be  strongly  conditioned  by 
the  atomic  configuration  of  the  surface.  In  this  way  specific  atomic  proper¬ 
ties  may  still  underlie  the  kinetics,  although  the  rates  on  the  compound  and 
on  its  elemental  constituents  may  differ  significantly.  A  clear  distinction 
can  still  be  made  between  the  case  of  a  compound  and  of  a  physical  admixture 
of  two  elemental  phases  where  in  the  absence  of  significant  grain  boundary 
effects,  the  rate  must  be  given  by  a  linear  combination  of  the  rates  on  the 
elements. 
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Application  to  Nickel  Compounds 

The  Tafel  slope  b  is  useful  in  diagnosing  the  rate-limiting  step 
of  the  h.  e.r.  Three  groups  are  distinguishable  according  to  the  range  of 
b;  the  samples  within  each  are  listed  below  in  order  of  decreasing  i  : 

Class  A: 


b  <  80  mV 

pH  0.  04: 

Ni/H2S,  NiS,  NiAs,  NiTe2,  Te 

Class  B: 

105  <  b  <125  mV 

pH  0.  04: 

NiSi,  Ni,  NiSb,  Ni/As2Og 

pH  10.  8: 

Ni,  NiS,  Ni/H2S*,  Ni/As203* 

Class  C: 

b>  155  mV 

pH  0.  04: 

Sb 

pH  10.  8: 

Sb,  NiSi,  NiAs,  Si 

(*No  observable  effect  upon  adding  H0S  or  As9Oo  to 
Ni  at  pH  10. 8)  1  1  * 

The  low  value  of  b  in  Class  A  probably  means  that  desorption  --by 
either  II  or  III  --  is  rate -limiting.  On  the  other  hand,  I  is  presumed  to 
control  the  rate  on  nickel,  desorption  being  inherently  faster.  Since  the 
Tafel  lines  of  the  Class  A  materials  approach  or  actually  cross  that  of 
nickel,  discharge  on  these  materials  is  faster  than  on  nickel,  while  the 
converse  is  evidently  true  for  desorption. 

Desorption  on  Ni  is  believed  to  proceed  through  11^)  which  nomi¬ 
nally  requires  the  interaction  of  adsorbed  hydrogen  atoms  on  neighboring 
surface  atoms.  This  interaction  depends  on  the  potential  energy  variation 
of  Hacjg  as  it  moves  normal  and  parallel  to  the  surface.  The  former  motion 
depends  on  the  activation  energy  for  adatom  migration.  The  adsorption 
energy  should  parallel  the  M-H  bond  energy  which  is  similar  for  all  of  the 
elements  under  study'  '.  The  localization  of  the  hydrogen  atom  depends 
as  well  upon  the  directional  character  of  the  bond,  U  e. ,  the  degree  of 
covalence.  The  relative  rate  of  II  should  thus  decrease  with  increasing 
covalence,  which  is  weakest  for  nickel  and  decreases  generally  with  in¬ 
creasing  electronegativity.  There  is  supporting  evidence  for  this  view 
from  studies  of  chemisorption  of  molecular  hydrogen  on  the  elements. 
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For  example,  Ni  chemisorbs  H2  dissociatively  at  room  temperature  while 
As  does  not  react  measurably  under  the  same  conditioned^.  Since  the  bond 
energies  of  Ni-H  and  As-H  are  similar,  the  difference  must  be  in  the  activa¬ 
tion  energy  for  dissociative  chemisorption.  This  difference  should  apply  as 
well  to  the  activation  energy  for  the  reverse  reaction  which  is  identical  to  II. 

It  is  thus  reasonable  that  II  would  be  strongly  inhibited  by  the  presence  of  As, 
and  that  the  desorptive  mechanism  might  shift  from  II  to  III.  This  would 
apply  whether  the  arsenic  were  present  as  chemisorbed  atoms  or  as  a  funda¬ 
mental  crystal  constituents  in  NiAs. 

The  case  of  NiAs  is  particularly  interesting  since  it  exhibits  Class  A 

behavior,  although  the  individual  elements  show  Class  B  behavior.  While 

the  h.  e.  r.  on  Ni  is  presumed  to  be  limited  by  the  discharge  rate,  the  rate- 

limiting  step  on  As  is  open  to  conjecture.  According  to  the  foregoing 

reasoning,  III  will  likely  control  the  rate.  Supporting  this  contention  is  the 

T  I  -3 

fact  that,  if  discharge  were  rate-limiting,  i^  (As)/i^(Ni)  10  ;  this  ratio  is 

exceptionally  small  in  view  of  the  fact  that  the  energies  of  adsorption  and  the 
work  functions  both  of  which  should  affect  i^,  are  apparently  similar 
for  Ni  and  As.  Assuming  rate-control  by  III,  the  As  film  must  be  nearly 
saturated  with  hydrogen  atoms,  i.  e. ,  0  -»  1,  to  account  for  a  Tafel  slope 
of  120  mV. 

We  suggest,  therefore,  that  the  h.  e.  r.  on  As  proceeds  by  I  +  III. 

The  same  factors  which  underlie  this,  namely  localized  adsorption,  should 
persist  in  NiAs,  particularly  since  the  As-As  distance  on  an  arsenic  mono- 
layer  on  Ni  and  the  Ni-As  distance  in  NiAs  are  similar^.  One  would  expect 
then  that  the  h.  e.  r.  reaction  on  As  atoms  in  NiAs  proceeds  independently 
of  the  reaction  on  nickel.  The  association  of  Ni  and  As  has  two  important 
effects,  however.  First, it  inhibits  II  on  the  Ni  atoms  by  sharply  reducing 
the  number  of  near  Ni-Ni  neighbors,  and  shifts  the  desorption  mechanism 
to  III.  Secondly,  it  increases  the  discharge  rate  on  nickel  itself  by  about 
an  order  of  magnitude  as  shown  by  the  experimental  results. 

While  the  decrease  in  the  rate  of  an  elementary  electrochemical 
step  such  as  I  or  III  might  be  discussed  as  an  artifact  of  adventitious  in¬ 
hibition,  an  enhancement  of  the  rate  obviously  requires  a  change  in  the  basic 
properties  of  the  surface.  This  effect,  which  is  common  to  many  of  the 
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present  results,  may,  in  the  simplest  instance,  be  related  to  the  work 
function  0m  of  the  electrode.  Thus,  the  energy  state  of  a  hydrogen  ion  in 
solution  relative  to  a  reference  phase  of  H2  gas,  varies  with  0m*.  This 
affects  the  exchange  current,  and  should  lead  in  zeroth  approximation  to 
the  relation: 

-log  i!  =  const.  +C  0m 
6  o  rm 

where  C  /v  RT/2.  3  9(ev)’*.  The  experimental  results  for  the  h.  e.  r. 

on  a  series  of  transition  metals  shows^^  that  Cr-*  2.5  (ev)  which  means 
that  other  significant  changes  accompany  the  variation  of  0.  In  any  event, 
an  increase  of  0.  5  ev  in  the  electrode  work  function  would  be  expected  on 
empirical  grounds  alone  to  bring  about  an  order  of  magnitude  increase  in 
i^.  This  is  not  an  implausible  consequence  of  the  chemical  liaison  between 
Ni  and  As,  both  of  which  individually  show  0m^  5.  0  ev. 

Despite  the  similar  crystal  structure  of  NiAs  and  NiSb,  the  latter 
exhibits  Class  B  behavior  in  acid  solutions.  A  self-consistent  explanation 
would  be  that  slow  discharge  on  the  Ni  atoms  is  rate-controlling  on  NiAs, 
but  with  an  exchange  current  which  is  ID-fold  smaller  than  on  elemental 
nickel.  This  result  may  also  stem  from  a  decrease  in  0  .  It  also  seems 
likely  that  slow  discharge  controls  the  rate  on  NiSi  in  acid  solution,  re¬ 
quiring  that  0NiSi  y  0Ni. 

In  the  case  of  NiTe2  and  NiSi  in  acid  solution,  the  h.  e.  r.  appears 
to  be  dominated  by  eiectrochemical  desorption  on  the  Group  VI  atoms.  As¬ 
suming  that  the  rate  of  I  on  these  materials  is  inherently  faster,  one  would 

deduce  that  i  increases  in  the  order:  NiSb,  Ni,  NiS  rj  NiTe~,  NiSi,  NiAs. 
o  ** 

There  is,  however,  no  simple  correlation  with  chemical  factors,  such  as 

(27) 

electronegativity  difference,  or  the  energy  of  compound  formation'  '  which 
might  be  expected  to  influence  0  . 

The  situation  in  alkaline  solutions  is  even  more  complex.  For  all 
compounds,  the  Tafel  slope  is  higher  than  in  acid  solutions,  which  may  in¬ 
dicate  a  shift  in  mechanism.  Alternatively,  the  magnitude  of  b  may  be  taken 
to  signal  a  change  in  the  structure  of  the  electrolytic  double  layer,  for 


♦This  arises  since  equilibrium  for  the  reaction  1/2  H2(g)  =  H*(aq)  +  e(metal) 
requires  that  1/2  =  Me>  and  Me  is  a  direct  measure  of  0m  in 

metals(2o). 
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example,  of  specific  adsorption  of  hydroxyl  ions.  In  the  case  of  NiAs, 
where  the  exchange  current  is  smaller  by  two  orders  of  magnitude  than 
on  nickel,  the  changes  in  work  function  and  interatomic  distances  dis¬ 
cussed  above  imply  that  the  polarization  curve  in  alkaline  solution  is  de¬ 
termined  by  electrochemical  desorption  at  high  9.  This  conjecture  may 
be  viewed  in  light  of  the  fact  that  Ni  itself  shows  high  0  in  the  potential 
range  in  question^1)  despite  the  inherently  less  favorable  condition  (for 
achieving  high  0)  that  desorption  on  Ni  is  by  reaction  II  rather  than  by 
reaction  III. 

In  conclusion,  the  electrocatalysis  of  the  h.  e.  r.  on  nickel  com¬ 
pounds  cannot  be  explained  in  terms  of  the  intrinsic  chemical  properties 
of  the  surface  atoms.  The  most  pointed  demonstration  is  that  the  overall 
rate  of  reaction  at  a  given  potential  is  frequently  greater  than  on  either 
of  the  individual  elements.  Nevertheless,  the  atomic  approach  is  a  useful 
point  of  departure  for  interpreting  the  effects  of  composition  and  crystal 
structure  upon  electrocatalytic  activity.  The  use  of  this  approach  was  il¬ 
lustrated  for  NiAs,  NiTe~,  and  NiSi.  Further  work  along  these  lines,  to¬ 
gether  with  complementary  studies  of  the  electronic  properties  and  gas 
phase  chemisorption  characteristics,  promises  to  be  useful  from  both  a 
scientific  and  a  technical  standpoint. 
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FIGURE  CAPTIONS 


Fig.  1 


Fig.  2 


Fig.  3 


H.  e.  r.  on  nickel  in  1  M  HCIO^,  pH  =  0.  04  and  in  1  M  NaClO^ 
+  10  2  NaOH.  pH  =  10.  8  at  25  C.  Solution  preelectrolyzed  at 
30  ma  for  16  hours.  Results  of  ten  runs  at  pH  =  0.  04  with 
mean  b  =  0.125  V  ,  iQ  =  2  x  10  °  A/cnrr  and  of  six  runs  at 
pH  =  10.  8  with  b  =  0.  105  V,  iQ=lx  10"5  A/cm2 

Cathodic  polarization  curves  (log  C.  D.  vs.  potentials)  for 
NiSi  and  Si  in  1  M  HC104,  pH  =  0.  04,  and  in  1  M  NaC104 
+  10'2  M  NaOH,  pH  =  10.  8  at  25 °C.  At  pH  =  0.  04,  I  -  Ni 
(for  comparison),  II  -  NiSi,  I1IA  -  Si  towards  higher  cathodic 
potentials  (up),  Illg  -  Si,  towards  lower  cathodic  potentials 
(down).  At  pH  =  10.  8,  IV  -  Ni  (for  comparison),  -  NiSi 
(up),  Vg  -  NiSi  (down),  VI  -  Si  (A-stirred,  B-unstirred) 

Cathodic  polarization  curves  (log  C.  D.  vs.  potentials)  for 
NiAs  and  Ni  +  10_3M  As203  in  1  M  HC104,  pH  =  0.  04,  and 
in  1  M  NaC104  +  10' 2  M  NaOH,  pH  =  10.  8  at  25°C.  At  pH  = 
0.04,  I  -  Ni,  II  -  NiAs,  mean  of  5  runs,  III  -  Ni  with 
addition  of  10  M  As2Og  in  solution;  (A-stirred,  B-un¬ 
stirred).  At  pH  =  10.  8,  IV  -  Ni,  no  effect  of  r^lO'3  M  As2Og 
added  to  solution.  V  -  NiAs  (A-"up",  B-"down") 


Fig.  4  Cathodic  polarization  curves  (log  C.  D.  vs.  potentials)  for 

NiSb  and  Sb  in  1  M  HC104  ,  r>H  =  0.  04,  and  in  1  M  NaC104 
+  10' 2  M  NaOH,  pH  =  10.  8  at  25°C.  At  pH  =  0.  04,  I  -  Ni, 

II  -  NrSb,  III  -  Sb.  At  pH  =  10.  8,  IV  -  Ni,  V  -  NiSb,  VI  -  Sb. 
< A  -  "up",  and  B-  "down”! 

Fig.  5  Cathodic  polarization  curves  (log  C.  D.  vs.  potentials)  in 

1  M  HC104,  pH  =  0.  04  and  in  1  M  NaC104  +  10‘2  M  NaOH, 
pH  =  10.  8  at  25°C.  At  pH  =  0.  04,  I  -  Ni,  II  -  NiS  (odor  of 
H2S  in  the  effluent  gas),  III  -  Ni  in  presence  of  H2S,  added  as 
Na2S.  At  pH  =  10.  8,  IV  -  Ni,  V  -  NiS,  no  effect  of  addition 
of  'VlO'3  M  Na2S 


FIGURE  CAPTIONS  -  continued 


Fig.  6 


Cathodic  polarization  curves  (log  C.  D.  vs.  potentials)  in 
1  M  HCIO.  ,  pH  =  0.04,  at  25°C.  I  -  Ni,  II  -  NiTe9, 

III  -  Te. 


C.D.  (A /cm 


TABLE  I 


Tafel  Parameters  for  the  Hydrogen  Evolution  Reaction 

ranee  of 

b(mv)  i  (A /cm2)  i  (A/cm  ) -for- b 


Ni 

Acid 

125 

2 

x  10'6 

4  x  10'5  -  3 

x  10"3 

Alkaline 

105 

1 

x  10'5 

1.5  x  10'5-  5 

x  10'3 

NiSi 

Acid 

113 

4. 

x  10*6 

5  x  10"5  - 

10" 1 

Alkaline 

145 

3. 

5  x  10"6 

5  x  10"4  - 

10"2 

Si 

Acid 

_ 

- 

- 

Alkaline 

168 

3 

x  10' 8 

10"4  -  5 

x  10"3 

NiSb 

Acid 

108 

2. 

5  x  10"8 

5  x  10"5  - 

10" 2 

Alkaline 

245 

10'5 

3  x  10'5  -  2 

x  10"2 

Sb 

Acid 

170 

2 

x  10'6 

7  x  10'4  -  2 

x  10"2 

Alkaline 

260 

5 

x  10~6 

3  x  10'4  - 

10"2 

NiAs 

Acid 

56 

5 

x  10'8 

2. 5  x  10'6  -  2. 

5  x  10"3 

Alkaline 

155 

7 

x  10'7 

10'5  -  5 

xlO'3 

Ni 

Acid  +  AS2O3 
Aik.  +  As2Og 

120 

105 

1 

10'8 
x  10"5 

10"6  -  2 
1.5  x  10"5  -  5 

xlO'5 

xlO'3 

NiS 

Acid 

62 

7 

x  10'8 

3  x  10'5  - 

10"2 

Alkaline 

100 

1. 

3  x  10'5 

10"4  -  5 

xlO"3 

Ni 

Acid  +  H2S 

80 

4 

x  10'8 

2  x  10'4  -  5 

xlO"3 

Aik.  +Na2S 

105 

1 

x  10'5 

1.5  xlO'5  -  5 

xlO'3 

NiTe2 

Acid 

55 

10'8 

10'4  - 

10"2 

Te 

Acid 

48 

10' 11 

10'4  - 

10"2 
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